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Abstract Renal cellular exposure to oxalate (Ox) and/or
CaOx crystals leads to the production of reactive oxygen
species (ROS), development of oxidative stress followed
by injury and inflammation. Renal injury and inflam-
mation appear to play a significant role in stone for-
mation. ROS are produced from many sources and
involve a variety of signaling pathways. Tissue culture
and animal model studies show that treatments with
anti-oxidants and free radical scavengers reduce
Ox/CaOx crystal induced injuries. In addition, CaOx
crystal deposition in kidneys is significantly reduced by
treatments with antioxidants and free radical scavengers,
indicating their efficacy. These results point towards
a great potential for the therapeutic application of
antioxidants and free radical scavengers to reduce stone
recurrence particularly after shock wave lithotripsy,
which is itself known to generate ROS and cause renal
damage.
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Introduction

Oxalate is a natural byproduct of metabolism and in
normal individuals is harmlessly excreted. However, in-
creased urinary excretion of oxalate (Ox), hyperoxaluria,
can be toxic largely because of its propensity to crys-
tallize at physiologic pH and form calcium oxalate
(CaOx) crystal deposits in the kidneys [1]. In the kidneys,
CaOx crystals can block the renal tubules, disrupt cel-

lular functions and kill nearby cells. Hyperoxaluria is a
result of either genetic (primary hyperoxaluria) or
environmental factors (secondary hyperoxaluria). En-
hanced absorption of Ox, secondary to many gastroin-
testinal diseases, ileal resection, or jejuno-ileal bypass is
called enteric hyperoxaluria [2]. Even though various
hyperoxalurias have distinct origins, the pathologies
they induce can often be indistinguishable, encompass-
ing urolithiasis, nephrocalcinosis, metabolic acidosis,
hematuria, pyelonephritis, hydronephrosis and renal
failure. In the case of primary hyperoxaluria, there is a
systemic deposition of CaOx in almost all of the body
tissues including kidneys, heart, bone, cartilage, teeth,
vasculature and brain. Patients with primary hyperox-
aluria eventually develop end-stage renal failure, usually
in childhood. Patients with enteric hyperoxaluria may
also develop renal inflammation and end stage renal
disease.

Recent research has shown that the response of
renal epithelial cells to Ox and CaOx crystals is bi-
phasic and concentration dependent [3–5]. Ox by itself
is mitogenic at low concentrations and toxic at higher
concentrations as well as in association with CaOx
crystals. Injury to the renal epithelial cells results in
cellular degradation and the production of membra-
nous vesicles [6]. The crystals are either passed as
crystalluria particles or are endocytosed by the epi-
thelial cells to be processed by their lysosomal system
or transported to the interstitium. CaOx crystal
deposition in the kidneys upregulates the expression
and/or synthesis of macromolecules, which can pro-
mote inflammation and lead to fibrosis [7, 8]. In ani-
mals and renal epithelial cells in culture, reaction to
high Ox and CaOx crystals is associated with the
generation of free radicals [9, 10]. Antioxidants reduce
hyperoxaluria and CaOx crystal induced toxicity [11,
12]. This article discusses free radicals and reactive
oxygen species (ROS), their role in the activation of
Ox and CaOx induced signaling pathways and trig-
gering of renal injury, and their control by antioxidant
treatment.
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Free radicals and reactive oxygen species

Free radicals, atoms or molecules with unpaired elec-
trons, and their metabolites, collectively called reactive
oxygen species (ROS) are highly reactive, playing a
critical role as signaling molecules. However, they can
also produce chemical modifications of, and damage to,
proteins, lipids, carbohydrates and nucleotides [13, 14].
Major cellular ROS include the superoxide anion (O2

�.),
nitric oxide radical (NO.), hydroxyl radical (OH.), and
hydrogen peroxide (H2O2), which are generated by
several pathways. O2

�. anions are produced by NADPH
oxidases, xanthine oxidase, lipooxigenase, cyclooxygen-
ase, hemeoxygenase and as a byproduct of the mito-
chondrial respiratory chain. Lipid radicals can also
produce O2

�.. NO. radicals are produced by the endo-
thelial nitric oxide synthase (eNOS) mediated oxidation
of L-arginine. eNOS can also produce O2

�. rather than
NO. Reactions between superoxide and nitric oxide can
produce the highly reactive peroxynitrite ONOO-.

Cells are equipped with a number of scavenging
systems to limit ROS. These include superoxide dismu-
tase (SOD) to eliminate O2

�., and glutathione (GSH)
peroxidase and catalase to detoxify H2O2 (Fig. 1).
Superoxide has a short half-life and spontaneously
converts to H2O2. The reaction is noticeably enhanced
by SOD. H2O2 is long-lasting and far more reactive than
superoxide anions. Moreover, in a more complex tran-
sition metal catalyzed reaction called the metal catalyzed
Haber-Weiss reaction, H2O2 yields an even more reac-
tive hydroxyl radical, which is, however, short lived and
works at short range. Initially, superoxide anions donate
single electrons to ferric ions resulting in molecular
oxygen and ferrous ions. Reaction between ferrous ions
and H2O2, the so-called Fenton reaction, leads to the
formation of OH.. H2O2 is subsequently metabolized to
water via catalase or by glutathione peroxidase in the
presence of reduced glutathione.

Under normal conditions the superoxide anions
(O2
�.), NO radicals (NO.) and their metabolites are

generated by tightly controlled enzymes and serve as
mediators in a variety of regulatory processes and

signaling pathways including proliferation, activation or
inactivation of regulatory biomolecules, and regulation
of transcriptional activities. Signaling molecules regu-
lated by ROS include, but are not limited to, protein
tyrosine kinases and phosphatases, serine/theorine kin-
ases and phosphatases, Ras, various phospholipases,
and many calcium signals. ROS also regulate such genes
as c-fos, c-myc, and c-jun and transcription factor acti-
vation protein-1 (AP-1) and nuclear factor jB (NF-jB).
In addition, ROS also participate in the initiation and
implementation of apoptosis. Evidence also exists for
cross talk between cellular signaling and ROS produc-
tion.

Since ROS and reactive nitrogen species (RNS) play
significant regulatory roles, they normally occur at
steady state levels, generated when needed and then
cleared by activities of various antioxidants and scav-
engers. But uncontrolled generation of the reactive
oxygen or nitrogen species and/or a reduction in the
endogenous antioxidant capacity creates oxidative
stress. Most cells respond to oxidative stress by boosting
the levels of intracellular antioxidants such as glutathi-
one. The oxidants can react with all the basic constitu-
ents of cells: lipids, carbohydrates, proteins and nucleic
acids severely affecting their structure and function. The
pathological changes may result from the damaging ef-
fects of ROS and from ROS-mediated changes in gene
expression and signal transduction.

Hyperoxaluria-induced oxidative stress

An overproduction of ROS and/or a reduction in cellular
antioxidant capacities, due to down-regulated expression
of the antioxidant enzymes, leads to the development of
oxidative stress (OS). In view of the fact that most ROS
are short-lived and do not travel long distances, the
presence of OS is generally recognized by abundance of
byproducts of ROS interaction with lipids, amino acids,
proteins, carbohydrates and nucleic acids. Malondial-
dehyde, isoprostanes, and oxidized lipids are among the
most common byproducts of ROS induced OS.

Fig. 1 Reactive oxygen species.
Sources and reactions involved
in the production of superoxide
(O2
�.), nitric oxide (NO.),

hydrogen peroxide (H2O2),
peroxynitrie (ONOO.), and
hydroxyl radicals (OH.). GSH,
glutathione; GPx, glutathione
peroxidase; GSGG, oxidised
glutathione; NOS nitric oxide
synthase [13, 14]
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Evidence from clinical studies

Recent studies have provided evidence for the develop-
ment of OS in the kidneys of stone patients. Results of
one such study showed that CaOx kidney stone patients
excrete significantly higher amounts of a-glutathione
S-transferase (a-GST), malondialdehyde (MDA) and
thiobarbituric acid-reactive substances (TBARS) in their
urine, indicating OS in kidneys of CaOx stone patients
[15]. In addition, urinary excretion of b-galactosidase
(GAL) and N-acetyl-b-glucosaminidase (NAG) were
also significantly increased in stone patients. Urinary
excretion of these enzymes is considered a marker of
renal epithelial injury. Similarly, another recent study
showed that stone disease is associated with high oxi-
dative stress and renal tubular cell damage [16]. Com-
pared to the normal controls, stone patients had higher
plasma MDA, urinary MDA, and higher urinary NAG
activity, but lower reduced glutathione (GSH) and cel-
lular glutathione peroxidase (cGPx) activity, protein
thiol and vitamin E.

Evidence from tissue culture studies

Evidence for the involvement of ROS in hyperoxaluria-
induced OS stress and cell injury originally came from
tissue culture studies in which renal epithelial cells were
exposed to Ox and/or CaOx crystals. Exposure of both
LLC-PK1 and MDCK cells, representing the proximal
tubular and collecting duct epithelium, respectively, to
Ox and CaOx crystals, induced the production of
superoxide as well as H2O2, and was associated with
decreased trypan blue exclusion, and increased activities
of LDH, GGTP, and NAG in the culture media [9, 11,
12]. Antioxidants vitamin E, catalase and desferoxamine
(DFO), superoxide dismutase (SOD), and its mimetic
provided protection from the generation of ROS and
associated lipid peroxidation and injury. Treatment with
antioxidants significantly reduced the release of LDH
and the formation of malondialdehyde and restored the
cellular antioxidant enzymes glutathione peroxidase and
catalase to normal levels.

Cellular GSH provides a major defense against oxi-
dative injury. The exposure of MDCK cells to Ox or/and
COM crystals decreased total glutathione and led to a
large increase in the concentration of NADP/NADPH
[17]. Exposure of LLC-PK1 cells to Ox significantly in-
creased cellular ceramides [18]. Pretreatment with glu-
tathione precursor N-acetylcysteine (NAC) blocked this
Ox-induced increase in ceramide levels.

Citrate is also involved in maintaining endogenous
antioxidant defenses. Administration of exogenous cit-
rate to LLC-PK1 and MDCK cells bolstered these de-
fenses and diminished the cellular injury inflicted by
exposure to increased Ox and CaOx crystals [19]. Pres-
ence of citrate in the culture medium was associated with
a significant increase in glutathione (GSH) and a drop in
the production of H2O2 and 8-isoprostane (8-IP), an end

product of lipid breakdown. There was a significant
improvement in cell viability as shown by significantly
decreased LDH release and increased trypan blue
exclusion.

Evidence from animal model studies

Results of animal model studies have confirmed the
production of reactive oxygen species and changes in
renal cellular endogenous antioxidant defenses leading
to hyperoxaluria-induced oxidative stress. Rats with
hyperoxaluria and CaOx nephrolithiasis induced by
ethylene glycol showed increased urinary excretion of
lipid peroxides and LDH [10]. In addition, administra-
tion of antioxidant vitamin E resulted in reduced lipid
peroxides in the kidneys and decreased urinary excretion
of LDH and lipid peroxides. This points to ROS
involvement in Ox and CaOx crystal associated renal
toxicity. Deposition of CaOx crystals in the kidneys was
associated with a reduction in total renal cellular gluta-
thione and an increase in lipid peroxides [20]. Rats which
received the angiotensin converting enzyme (ACE)
inhibitor losartan, known to reduce oxidative stress,
showed a significant increase in glutathione concentra-
tion and a decrease in the thiobarbituric acid reactive
substances in the kidneys. Activities of catalase and
MnSOD increased in kidneys while a- and l-glutathione-
S-transferase (GST) levels increased in the urine of
hyperoxaluric rats [21].

Microarray analysis of the kidneys of hyperoxaluric
rats also revealed the development of oxidative stress
during hyperoxaluria and CaOx crystal deposition.
Expression of genes for SOD, GPx, GST, aldehyde

Fig. 2 Mitochondrial involvement in hyperoxaluria-induced cell
injury
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dehydrogenase, mitochondrial uncoupling protein and
ceruloplasmin was increased in hyperoxaluric rats [22].

Sources of reactive oxygen species in hyperoxaluria—
induced oxidative stress

Mitochondria are generally the most common source of
superoxide and H2O2 in most cells and tissues (Fig. 2).
Selective probes, substrates and inhibitors show the
mitochondria to be the major site of CaOx crystal in-
duced superoxide production and glutathione depletion
in both LLC-PK1 and MDCK cells [17]. In vivo CaOx
crystal deposition in the kidneys correlates with deple-
tion of mitochondrial glutathione [20]. Furthermore, Ox
exposure can cause a decrease in mitochondrial mem-
brane potential in MDCK cells. Isolated mitochondria
responded to Ox exposure by the accumulation of ROS,
lipid peroxides and oxidized thiol proteins [23]. There-
fore, mitochondrial changes can be the result of Ox-
induced PLA2 activation and release of lipid signaling
molecules.

Another likely source of Ox induced superoxide
production is membrane-associated NADPH oxidase,
which is also a major source of ROS in the kidneys [24,
25], particularly in the presence of angiotensin II [26, 27].
Angiotensin II is implicated in causing oxidative stress
by stimulating membrane bound NAD(P)H oxidase
leading to increased generation of superoxide [28]. A
significant reduction in hyperoxaluria-induced produc-
tion of renal lipid peroxides after administration of AT 1

receptor blockers [20, 29] or ACE inhibitors [30] was
seen in hyperoxaluric rats. In addition these treatments
produced a reduction in TGF-b expression in the kid-
neys. TGF-b has been shown to participate in ROS
production through the activation of NADPH oxidase.

Tissue culture studies have indicated involvement of
NADPH oxidase in Ox-induced ROS production and
cell injury. Ox-induced injury of NRK52E cells was sig-
nificantly reduced in the presence of diphenyleneiodoni-
um chloride (DPI), an NADPH oxidase inhibitor [31–
33]. Ox-associated activation of NADPH oxidase in
LLC-PK1 cells was associated with increased production
of TGF-b1. Treatment with neutralizing TGF-b anti-
bodies significantly reduced the generation of ROS [33].

Signaling pathways involved in hyperoxaluria-induced
ROS generation

Since many signaling pathways are activated by ROS
[13, 14], another approach to study their generation
during hyperoxaluria is to investigate the regulation of
these pathways. Figure 3 shows some of the pathways
involved. ROS activate signaling molecules such as
protein kinase C (PKC), c-Jun N-terminal kinase (JNK)
and p38 mitogen-activated protein kinase (MAPK), and
transcription factors such as NF-jB and activated pro-
tein-1 (AP-1). Activation of these molecules leads to
upregulation of genes and proteins such as monocyte
chemoattractant protein-1 (MCP-1), osteopontin
(OPN), fibronectin and TGF-b1. Both Ox and CaOx

Fig. 3 Schematics of
hyperoxaluria-induced
generation of reactive oxygen
species (ROS) and their effect
on cellular physiology and
pathology. O2

�., superoxide;
OH., hydroxyl radical; H2O2,
hydrogen peroxide; OPN,
osteopontin; BK, bikunin;
MCP-1, monocyte
chemoattractant protein-1
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crystals selectively activated p38 MAPK (mitogen acti-
vated protein kinase) signal transduction pathways [34,
35] in the proximal tubular epithelial cells. Activation of
p38 MAPK was found essential for the reinitiation of
Ox-induced DNA synthesis. Ox exposure also caused
modest activation of JNK as determined by c-Jun
phosphorylation. Ox-induced cell proliferation was
prevented by antioxidant N-acetyl-L-cysteine (NAC), a
p38 MAPK inhibitor, a SAPK/JNK (stress activated
protein kinase/c-Jun NH2-terminal kinase) inhibitor as
well as PLA2 inhibitors indicating the involvement of
ROS mediated signal transduction [36]. Apparently, a
renal epithelial response to Ox involves signal trans-
duction via MAP kinases, similar to the cellular re-
sponse to many other challenges.

Cytosolic phospholipase A2 (cPLA2) is released upon
the activation of MAP kinases and translocated to the
cell membrane. cPLA2 preferentially hydrolyses arachi-
donoyl phospholipids generating a number of byprod-
ucts including arachidonic acid and lysophospholipids.
Exposure of MDCK cells to Ox produces a time and
concentration dependent increase in cPLA2 activity [37].
Inhibition of cPLA2 activity blocked the Ox-induced
upregulation of Egr-1, c-jun and c-myc genes. Exposure
of LLC-PK1 as well as MDCK cells to Ox also increased
the generation and accumulation of ceramide, another
signaling lipid, most probably through the activation of
neutral sphingomyelinase. An inhibitor of cytoplasmic

PLA2, as well as pretreatment with NAC and a super-
oxide dismutase mimetic blocked ceramide production,
indicating the involvement of ROS signaling and PLA2
pathway [18, 37].

Animal model studies have provided evidence for the
hyperoxaluria-induced activation of the renin-angioten-
sin system [20, 29, 30], a major player in renal disease
progression [38]. Hyperoxaluria induced oxidative stress,
inflammation, fibrosis and CaOx crystal deposition in
kidneys of rats was significantly reduced by the admin-
istration of ACE inhibitor [30] and angiotensin II type 1
(AT1) receptor blockade [20, 30]. In our study [29], a
group of hyperoxaluric rats was treated with AT1
receptor blocker, candesartan. At the end of 4 weeks,
mRNA for OPN, renin and ACE, as well as MDA were
significantly elevated in the kidneys of hyperoxaluric
rats. The kidneys of hyperoxaluric rats on candesartan
had fewer CaOx crystal deposits, fewer interstitial ED1
positive cells, reduced OPN expression and reduced
MDA than hyperoxaluric rats. Kidneys produce both
angiotensinogen and ACE, and the juxtaglomerular
apparatus is the main source of circulating renin. Renin
catalyzes the production of angiotensin I which is con-
verted to Ang II by the actions of ACE. Ang II acts
through two receptors, types 1 (AT1) and 2 (AT2), and
mediates many activities of the renin-angiotensin system.
It is a major pro-inflammatory molecule. Oxidative stress
plays a significant role in Ang II operations [13, 14, 38].

Fig. 4 Hyperoxaluria induced
generation of reactive oxygen
species and their effect on
various aspects of crystal
formation and retention within
the kidneys leading to stone
formation
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Calcium antagonists are known to reduce ROS pro-
duction, the development of oxidative stress and the
progression of various renal diseases. Administration of
amlodipine, a dihydropyridine-based calcium antago-
nist, reduced hyperoxaluria-induced inflammation,
fibrosis and crystal deposition in the rat kidneys [39].

Oxidative stress and CaOx nephrolithiasis

High concentrations of Ox and CaOx crystals also pro-
voke renal cells to increase the synthesis of various
mediators of the inflammatory processes and extracel-
lular matrix production, and modulators of crystalliza-
tion [7, 8, 40]. Reactive oxygen species are involved in the
activation of signaling molecules such as protein kinase C
(PKC), c-Jun N-terminal kinase (JNK) and p38 mitogen-
activated protein kinase (MAPK), with influence over
transcription factors such as NF-jB and activated pro-
tein-1 (AP-1). Activation of these transcription factors
leads to upregulation of genes and production of crys-
tallization modulators such as OPN, bikunin, and a-1-
microglobulin [7, 8, 40], which affect all aspects of
nephrolithiasis including crystal formation, growth,
aggregation as well as their retention within the kidneys.

Oxidative stress is injurious to all components of the
cells. How does cell injury caused by hyperoxaluria-
induced oxidative stress promote nephrolithiasis?
Figure 4 outlines the lithogenic effects of hyperoxaluria-
induced generation of ROS. Previous studies from many
laboratories including our own indicate that damage to
the urothelium may predispose to de novo crystalliza-
tion and crystal retention in the kidneys. We have
demonstrated that experimentally induced hyperoxalu-
ria in rats results in renal tubular cell damage and CaOx
crystal deposition [6]. Both apoptotic and necrotic
injuries have been detected [41, 42]. Crystals always
deposit at sites of tubular injury in association with

membrane vesicles and are also seen attached to the
exposed basement membrane [6, 43, 44]. Our in vitro
studies have shown that membranes and lipids of cel-
lular degradation products are excellent nucleators of
CaOx crystals at supersaturation normally found in the
renal tubular fluids [45]. Tissue culture studies in which
renal epithelial cells were exposed to Ox and/or CaOx
crystals have shown that epithelial injury promotes
attachment of CaOx crystals [46, 47]. This attachment is
mediated by Ox-induced exposure of phosphatidylserine
(PS) on cell surfaces [48, 49]. Interestingly, apoptosis
involves the exposure of PS on cell surfaces [41].

Antioxidants for renal protection

Figure 5 illustrates the stages in which specific antioxi-
dants and other protective detoxification treatments have
been shown to impede the development of hyperoxalu-
ria-induced oxidative stress. Pretreatment with vitamin E
(a-tocopherol) along with mannitol abolished the depo-
sition of CaOx crystals in the kidneys of rats injected with
sodium oxalate [50]. Alanine-induced deposition of
CaOx crystals in rat kidneys was blocked by dietary
supplementation with vitamin E plus selenium [51].
Interestingly, vitamin E alone caused only a decrease in
crystal deposition, while combined treatments totally
abolished it. Treatment with methionine [52] or gluta-
thione monoester [53] also reduced renal CaOx crystal
deposits in the kidneys of hyperoxaluric rats. The
reduction or total elimination of crystal deposition was
associated with restoration of the anti-oxidation defenses
of the kidneys by increasing activities of the enzymes
SOD, catalase, glutathione peroxidase (GPx) and/or free
radical scavengers, reduced glutathione (GSH), ascorbic
acid, vitamin E and protein thiol groups. Vitamin E is the
major lipid soluble antioxidant present in the cell mem-
branes and acts synergistically with the other antioxi-

Fig. 5 Antioxidant and other
detoxification treatments to
impede the development of
hyperoxaluria induced
oxidative stress
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dants. It can react with lipid radicals and stop the
propagation of lipid peroxidation. Selenium is normally
incorporated in GPx. Mannitol is a scavenger of hydro-
xyl radicals while methionine is a thiol generating com-
pound.

Green tea has recently been shown to reduce CaOx
crystal deposits in the kidneys of rats made hyperox-
aluric by the administration of ethylene glycol [54].
Reduced crystal deposition was coupled with improved
SOD activity. In addition, green tea consumption caused
a decrease in apoptotic activity in the kidneys. It was
concluded that antioxidants, catechins, present in green
tea were mainly responsible for these improvements.

Reduction of angiotensin production by inhibiting
ACE or blocking angiotensin receptors has been shown
to significantly reduce renal CaOx crystal deposition as
well as the development of interstitial inflammation [20,
30, 38]. These treatments also resulted in a reduction in
the oxidative stress measured as products of lipid per-
oxidation. Angiotensin II is implicated in causing oxi-
dative stress by activating membrane associated NADPH
oxidase, which leads to the production of superoxide [38].
ROS generated through the activation of NADPH oxi-
dase are also involved in the production of MCP-1, for
the recruitment of monocytes/macropahges to the inter-
stitium. Exposure of renal epithelial cells in culture to Ox
caused ROS dependent upregulation of the MCP-1 gene,
and the production and secretion of the protein [55].

Antioxidant treatment for stone disease has not been
clinically tested. However, some well-known antioxi-
dants such as citrate and allopurinol, have been evalu-
ated in a number of prospectively randomized trials, and
their efficacy has been established [56] in populations of
recurrent stone formers. Citrate increases cellular nico-
tinamide adenine dinucleotide phosphate and reduced
glutathione while allopurinol is a xanthine oxidase
inhibitor.

Conclusions

There is plenty of experimental and clinical indication
for the production of ROS, development of oxidative
stress and associated cellular injury when renal cells are
exposed to Ox and/or CaOx crystals. In addition, anti-
oxidant treatments reduce CaOx crystal deposition in
the kidneys of experimental animals providing proof of
the principle of the efficacy of antioxidants. Therefore it
is advisable to evaluate the therapeutic application of
antioxidants on reducing stone recurrence particularly
after shock wave lithotripsy (SWL) since it is itself
known to generate ROS and cause renal damage. Be-
cause the development of oxidative stress involves many
sources and a variety of signaling pathways, it is essen-
tial to identify all enzymes and pathways active in Ox
and CaOx crystal induced generation of ROS. A com-
bination of anti-oxidants and free radical scavengers
may provide superior renal protection.

In a number of cardiovascular diseases including
hypertension, type II diabetes, hyperlipidemia, athero-
sclerosis and chronic heart failure, in which ROS play
major role in disease development, lowering oxidative
stress is considered a proper therapeutic approach [57,
58]. Observational data in humans indicate that anti-
oxidant vitamin E intake is associated with reduced
cardiovascular disease [59, 60]. Safety of vitamin E up to
doses of 800 IU/day has been established. However, the
prospective, controlled clinical trials of vitamin E pres-
ent a complicated picture. Reasons for this discrepancy
include inappropriate endpoints and patients and inef-
fective antioxidants. Most trials have tested the efficacy
of vitamins E and C [58], however, both can become
pro-oxidant, particularly at higher concentrations. In
addition, vitamin E is not a very efficient antioxidant.
The rate constant for reaction between superoxide and
vitamin E is low and its tissue concentration does not
reach high enough levels for biological effects. It is
important to point out that vitamin E, given alone, only
partially reduced the oxidative stress and CaOx crystal
deposition in rat kidneys. Vitamin C has an added dis-
advantage as a treatment for nephrolithiasis, in that it
may increase urinary excretion of Ox [61].
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